Recent studies in zebrafish have contributed to our understanding of early endoderm formation in vertebrates. Specifically, they have illustrated the importance of Nodal signaling as well as three transcription factors, Faust/Gata5, Bonnie and Clyde, and Casanova, in this process. Ongoing genetic and embryological studies in zebrafish are also contributing to our understanding of later aspects of endoderm development, including the formation of the gut and its associated organs, the liver and pancreas. The generation of transgenic lines expressing GFP in these organs promises to be particularly helpful in such studies. q
Introduction
The zebrafish is a relative newcomer to the field of endoderm development but promises to be a productive model organism in which to study all aspects of endoderm biology, from the initial formation of this germ layer to the physiology of individual endodermal organs. In this review, we will follow endodermal cells as they become molecularly distinct from their neighbors at the late blastula stage until the time when they differentiate as hepatocytes or insulin-secreting bcells. Furthermore, we will lay out an example of how the zebrafish can aid in physiological studies of the digestive system.
The zebrafish offers several distinct advantages for genetic and embryological studies including the external fertilization, rapid development and optical clarity of its embryos. Also, because of their small size, zebrafish embryos with cardiovascular defects are viable through the stages of organogenesis because they receive sufficient amounts of oxygen by simple diffusion to develop relatively normally (Stainier, 2001) . This attribute allows the study at late developmental stages of genes that affect both the endoderm and the cardiovascular system. In addition, because the zebrafish liver is not the site of embryonic hematopoiesis, liver formation can be studied independently of defects due to anemia. To complement its proven track record for gene discovery through forward genetics, the zebrafish embryo is now also amenable to reverse genetics through morpholino knockdown experiments, further expanding the capabilities of this model organism.
Endoderm formation

Endoderm location during the early steps of embryogenesis
Fate mapping experiments have revealed that at mid-blastula stages, cells located in the animal pole will give rise to the future ectoderm whereas cells in the marginal region will give rise to mesoderm or endoderm (Kimmel et al., 1990; Warga and Nüsslein-Volhard, 1999) . While during early blastula stages the marginal cells are still bipotential for a mesodermal and endodermal fate, at the late blastula stage these cells have obtained a restricted fate and will generally contribute to just one germ layer (Kimmel et al., 1990) . At this late blastula stage, the endodermal progenitors derive from the four tiers of blastomeres closest to the blastoderm margin, with the majority of them located in the two marginal-most ones (Fig. 1) . These marginal-most cells neighbor the yolk syncytial layer (YSL), an extraembryonic structure that, like the visceral endoderm in mouse, exhibits important signaling functions (Beddington and Robertson, 1998; Rodaway et al., 1999; Chen and Kimelman, 2000) . Detailed fate mapping studies have shown that at the late blastula stage the position of the endodermal progenitors in the marginal zone resembles a topographic arrangement of the presumptive digestive system. The position a cell occupies along the dorsoventral axis before gastrulation reflects Fig. 1 . Pathway of endoderm formation in zebrafish, and comparison of bon, fau/gata5 and cas expression at late blastula stages. Sqt and Cyc signaling, which requires Oep and Tar, regulates the expression of bon, fau/gata5 and cas. Cas functions downstream of (A), or in parallel to (B), Bon and Fau/Gata5 to regulate sox17 expression. bon encodes a Mix-type transcription factor, and cas encodes a Sox-related transcription factor. See text for the data behind the models. (C) Expression pattern of bon at the late blastula stage; box represents the area shown in (E-G). (D) Schematic representation of bon, fau/gata5 and cas expression at late blastula stages: cas-expressing cells also express fau/gata5 and bon, and fau/gata5-expressing cells also express bon. (E) bon appears to be expressed in all mesendodermal progenitors (eight to ten rows of cells). (F) fau/gata5 appears to be expressed in all endodermal and the most marginal mesodermal progenitors (three to four rows of cells). In addition, it is expressed in the yolk syncytial layer (ysl). (G) cas appears to be expressed exclusively in the endodermal progenitors (end), as well as in the yolk syncytial layer (ysl). (C-G) Lateral views with dorsal to the right.
Molecular steps of early endoderm formation in zebrafish 2.2.1. Nodal signaling
Analyses of zebrafish mutants as well as overexpression studies have identified key components of the pathway leading to endoderm formation in zebrafish (reviewed by Stainier, 2002; Warga and Stainier, 2002) . At the top of this pathway lies Nodal signaling. The first evidence that members of the Nodal family were essential for endoderm formation in zebrafish came from the analysis of mutants deficient for two Nodal-related factors, Cyclops (Cyc) and Squint (Sqt), which lack endoderm and the majority of mesoderm (Feldman et al., 1998) (Fig. 1) . The same phenotype was observed in embryos lacking both maternal and zygotic One-eyed pinhead (MZoep), an EGF-CFC family member (Zhang et al., 1998a) believed to be a necessary coreceptor for Nodal molecules Yeo and Whitman, 2001 ). In addition, overexpression of Antivin, a competitive inhibitor of the Activin/Nodal signaling pathway related to mammalian Lefty (Meno et al., 1999; Thisse and Thisse, 1999; Thisse et al., 2000) , leads to a complete loss of endoderm Thisse and Thisse, 1999) . Conversely, expression of a constitutively active form of the type-I TGFb receptor Taram-a (Tar) (Renucci et al., 1996) , a probable zebrafish orthologue of mammalian Alk4 (Payne et al., 2001 ) and Nodal receptor (Aoki et al., 2002) , is sufficient to induce endodermal gene expression throughout the zebrafish embryo , and can cell-autonomously divert embryonic cells to an endodermal fate (Peyrieras et al., 1998) .
Further analyses of the Nodal-related genes have provided additional information and hypotheses regarding the role of this signaling pathway in endoderm formation. By the mid-blastula stage, cyc and sqt are expressed in the margin, where the cells fated to become endoderm reside (Fig. 1) . The model emerging from all these studies is that Nodal molecules trigger a series of events that lead to endoderm formation in cells closest to the source of Nodal secretion. According to this hypothesis, high levels of Nodal signaling lead to the formation of endoderm and lower levels to the formation of mesoderm. In support of this hypothesis, various genetic and biochemical manipulations that lead to the progressive lowering of Nodal signaling preferentially affect endoderm formation (Schier et al., 1997; Thisse and Thisse, 1999) . For example, zygotic oep mutants, which retain some Nodal signaling via maternally provided Oep, lack all endoderm but retain most mesoderm (Schier et al., 1997) . Furthermore, one of the Nodal-related proteins, Sqt, was shown to function as a morphogen during mesoderm formation (Chen and Schier, 2001 ). Cyc does not appear to share the morphogen properties of Sqt, and these molecules appear to have different roles in endoderm formation. For instance, the expression of bonnie and clyde, a transcription factor gene necessary for endoderm formation (see below), is unaffected in cyc mutants but perturbed in sqt mutants . It will therefore be important to further investigate the respective role of these two molecules in this process. For example, it is still not known what role Cyc plays in this pathway or what induces sqt expression. In Xenopus, the endodermal determinant VegT has been shown to be the key regulator of early Nodal gene expression (Zhang et al., 1998b; Xanthos et al., 2001) . Zebrafish embryos mutant for spadetail (spt), a homologue of VegT (Griffin et al., 1998) , display no obvious defects in early endoderm formation (Heather Verkade and D.Y.R.S., unpublished observations). Additionally, Spt, unlike VegT in Xenopus, is not maternally provided and therefore very unlikely to function as an upstream regulator of Nodal gene expression. Future work should also investigate whether Sqt, which is maternally provided (Feldman et al., 1998) , is sufficient for endoderm formation, or whether it functions in combination with other signals.
The model that the cells closest to the source of Nodal secretion become endodermal is not entirely correct however, as some cells in the marginal zone become mesodermal (Warga and Nüsslein-Volhard, 1999) . Thus, it is likely that additional signaling pathway(s) influence the endodermal versus mesodermal fate decision.
Effectors of Nodal signaling: Casanova, Bonnie and Clyde, and Faust
Three zebrafish mutations that cause specific endodermal defects appear to affect downstream components of the Nodal signaling pathway. These mutations are casanova (cas), bonnie and clyde (bon), and faust ( fau), and they all affect genes encoding transcription factors. cas encodes a novel Sox-related protein (Dickmeis et al., 2001; Kikuchi et al., 2001) , bon encodes a Mix-type homeodomain protein (Kikuchi et al., 2000) , and fau encodes the zinc finger protein Gata5 (Reiter et al., 1999) . The expression of cas, bon and fau each begins during blastula stages, and analyses of oep, cyc and sqt mutant embryos, as well as embryos misexpressing Antivin or a constitutively active form of Tar, demonstrate that their expression is regulated by Nodal signaling Rodaway et al., 1999; Dickmeis et al., 2001; Kikuchi et al., 2001; Reiter et al., 2001a,b; Sakaguchi et al., 2001) (Fig. 1) . It is not yet clear whether Nodal signaling directly regulates the expression of cas, bon and fau. However, there is some indication of a close interaction with Bon, as studies have shown that certain Mix family members, including Bon, interact with phosphorylated Smad2, an immediate effector of Nodal signaling (Germain et al., 2000; Randall et al., 2002) .
Embryos mutant for cas, bon and fau were originally identified by their defective heart morphology Stainier et al., 1996) , however, closer inspection revealed that each of these mutations also causes specific endodermal defects. While cas mutants, like MZoep, and cyc;sqt doubles, lack all endodermal precursors, they do not show most of the other patterning defects exhibited by MZoep, and cyc;sqt mutants, indicating that cas function may be principally necessary for endoderm formation. bon and fau mutants, on the other hand, lack only some of the endodermal precursors (Kikuchi et al., 2000; Reiter et al., 2001a) . bon mutants show a more severe defect having only 10% of the normal amount of endodermal cells, whereas fau mutants show a less severe defect having ,60% of the normal amount. It is important to note that while the bon mutations appear to represent null alleles, neither of the fau mutations analyzed to date appears to be a null (Reiter et al., 1999) . Therefore, a complete understanding of the role of fau in endoderm formation will require the identification and analysis of complete loss of function alleles.
The expression of cas, bon and fau all initiate at about the same time, and by dome stage all three genes are clearly expressed circumferentially in deep cells near the margin (Fig. 1) . While cas, bon and fau are all expressed around the circumference of the margin, they differ in the extent of their expression along the animal-vegetal axis. bon is the most broadly expressed. At the onset of gastrulation, bon transcripts are detected in approximately eight to ten rows of cells (Fig. 1C,E) , resembling the expression of no tail (Schulte-Merker et al., 1992) , spt (Griffin et al., 1998) , and snail1 (Hammerschmidt and Nüsslein-Volhard, 1993; Thisse et al., 1993) as well as that of other genes expressed in all mesendodermal progenitors. By contrast, at the same stage fau is expressed in approximately three to four rows of cells ( Fig. 1F) (Reiter et al., 1999; Rodaway et al., 1999) and, based on the fate map analyses discussed earlier, these cells include all endodermal and some mesodermal progenitors. cas expression is seen in only a subset of the fauexpressing cells (Fig. 1G) . The presumption is that only endodermal progenitors express cas. This hypothesis, which remains to be tested, is based on the observation that during gastrulation cas expression appears to be in only endodermal and not mesodermal precursors (Dickmeis et al., 2001; Kikuchi et al., 2001; Sakaguchi et al., 2001) . cas, bon and fau are also expressed in the YSL of the blastula, although their role in this tissue has not yet been addressed.
A molecular pathway leading to endoderm formation in zebrafish
The relationships between Cas, Bon and Fau have been addressed in several ways. The resulting data, outlined below, suggest that Cas acts either in parallel to, or downstream of, Bon and Fau. First, bon;fau double mutants contain far fewer endodermal cells than either mutant alone, suggesting that bon and fau act in parallel in endoderm formation (Reiter et al., 2001a) . In agreement with this model, bon expression appears normal in fau mutant blastulae, and fau expression appears normal in bon mutant blastulae (Reiter et al., 2001a) . Second, overexpression of bon or fau in cas mutants fails to restore later markers of endodermal differentiation Reiter et al., 2001a) , showing that cas is essential for bon and fau function. Third, cas overexpression can expand later markers of endodermal differentiation in bon and fau mutants (Kikuchi et al., 2001) , showing that cas is able to function in the absence of bon or fau function. At least two different models could explain these results (Fig. 1A,B) : bon, fau and cas are regulated independently by Nodal signaling and function in parallel, or bon, fau and a third factor X act upstream of cas. (The third factor, X, is evoked to explain the fact that cas is expressed in only a subset of bon-and fau-expressing cells.) To distinguish between these two models, cas expression was examined in bon and fau mutants and it appeared to be diminished. However, because it is difficult to visualize the very early expression of cas, it cannot be ruled out that its initial expression in these mutants is normal and that only as cells fail to maintain endodermal identity does cas expression disappear. Another line of experiments aimed to determine whether bon and fau misexpression could induce cas expression in wild-type embryos. Again the results were inconclusive in the sense that bon and fau misexpression could induce cas expression but only in the marginal zone. Thus, it could be that Cas functions downstream of Bon and Fau and that the third factor X is restricted to the marginal zone. Alternatively, the increase in cas expression observed in these experiments may merely reflect an increase in endoderm formation induced by bon and fau misexpression and not support a model where cas functions downstream of bon and fau.
In summary, it is not yet clear whether Cas functions in parallel to, or downstream of, Bon and Fau, and molecular dissection of the cas promoter may help to further investigate this question. Functional dissection of the cas promoter might also help elucidate perhaps the most intriguing question: what regulates early cas expression to emerge in only a scattered subset of marginal cells? One possibility is that in concert with Nodal regulation, endodermal progenitors are selected by a process of lateral specification similar to that proposed for the spacing of neuroblasts in the proneural clusters of Drosophila (reviewed by Greenwald and Rubin, 1992) .
cas is sufficient to convert mesoderm into endoderm
Ectopic expression of cas in presumptive mesodermal cells causes them to transfate into endoderm. Dorsal mesodermal cells mostly give rise to hatching gland and notochord (Kimmel et al., 1990; Melby et al., 1996; Warga and Nüsslein-Volhard, 1999) . When dorsal cells misexpress cas, they fail to express prechordal plate markers and instead express endodermal markers. These cells later incorporate into digestive tract endoderm (Fig. 2D ). The conversion of cells normally fated to become dorsal mesoderm into endoderm is further illustrated by cyclopia and U-shaped somites in such embryos ( Fig. 2E) (Kikuchi et al., 2001) . Lateral mesodermal cells mostly give rise to muscle (Kimmel et al., 1990; Warga and Nüsslein-Volhard, 1999) and ventral mesodermal cells normally give rise to tissues such as blood (Kimmel et al., 1990; Lee et al., 1994; Stainier et al., 1996; Warga and Nüsslein-Volhard, 1999) . When lateral and ventral cells misexpress cas, they lose the ability to form muscle or blood and express endodermal markers instead (Kikuchi et al., 2001) . Altogether, these data indicate that cas can initiate an endoderm-specific program in cells not normally fated to form endoderm, and an apparently complete conversion to differentiated endodermal derivatives if these cells are dorsal. This ability, however, appears to be restricted to the mesoderm. When cas is misexpressed in animal pole blastomeres at the 256-cell stage, these cells do not seem to transfate from ectoderm into endoderm, but rather populate various ectodermal tissues such as the nervous system (Kikuchi et al., 2001 ). Thus, it appears that only when cas is misexpressed near the margin can it redirect cells to an endodermal fate. An important task will be to identify the factors responsible for this spatial restriction. In this context, it is interesting to note that cas is able to induce in MZoep mutants expression of some early, but not later markers of endoderm differentiation (Dickmeis et al., 2001; Kikuchi et al., 2001; Sakaguchi et al., 2001 ). These data indicate that an intact Nodal pathway is essential for the complete process of endodermal differentiation. Less is known about the function of bon and fau in the embryo. However, misexpression of fau in wild-type embryos can lead to expanded endodermal gene expression (Reiter et al., 2001a) , as well as to the formation of ectopic myocardial cells (Reiter et al., 1999) .
Beyond cas: sox17 and the Forkhead family
Endodermal progenitors are among the earliest to involute, and as they do, they begin to express sox17 . Like cas, sox17 encodes a high mobility group (HMG) domain transcription factor, and Xenopus Sox17 has been shown to be an intrinsic regulator of endoderm formation (Hudson et al., 1997; Clements and Woodland, 2000) . In zebrafish, less is known about its biological function, but its expression closely parallels that of cas except that it is never expressed in the YSL. Several lines of evidence suggest that the regulation of sox17 by Cas may be direct. First, cas overexpression can induce sox17 expression even in MZoep mutants, indicating that Cas can induce sox17 expression in a Nodal-independent manner (Dickmeis et al., 2001; Kikuchi et al., 2001) . Second, the regulation of endodermal sox17 expression by Cas is cell-autonomous as shown by cell transplantation experiments , as well as by the finding that cas overexpression throughout the embryo, but not in the yolk cell, upregulates sox17 expression (Sakaguchi et al., 2001) . Finally, HMG domain binding sites are present upstream of sox17 (Yutaka Kikuchi and D.Y.R.S., unpublished data). Whether bon and/ or fau also potentially regulate sox17 directly remains to be tested, although overexpression of bon and/or fau cannot restore significant levels of sox17 expression in MZoep mutants (Yutaka Kikuchi and D.Y.R.S., unpublished data).
Fox factors, formerly known as Forkhead or HNF3 factors, are also expressed by endodermal precursors during gastrulation. They are members of a family of winged helix transcription factors first identified in Drosophila as being necessary for endoderm formation, and since shown to be necessary in vertebrate endoderm formation as well (Weigel et al., 1989; Hoch and Pankratz, 1996; Kaufmann and Knöchel, 1996) . Some of these genes may be under direct regulation by the Nodal pathway. For instance, Xenopus foxA2 (HNF3b ) is a direct target of Smad2 (Howell and Hill, 1997) . In zebrafish, a family of nine fox genes has been described (Strähle et al., 1993; Dirksen and Jamrich, 1995; Odenthal and Nüsslein-Volhard, 1998) , and three of them appear to be expressed in endodermal cells in a sequential, and partially overlapping pattern. The first expressed is foxA3, formerly known as forkhead domain2 and a homologue of mouse HNF3g . Its expression begins at dome stage in a subset of dorsal cells, which comprise both deep cells and the YSL (Odenthal and Nüsslein-Volhard, 1998; Warga and Nüsslein-Volhard, 1999) . During early gastrulation, foxA3 appears in the entire extent of the axis including the prechordal plate region. Outside the axis, foxA3 appears in more lateral cells identified as endodermal precursors by in vivo cell labeling and protein co-localization studies (Warga and Nüsslein-Volhard, 1999) . The second fox gene to be expressed is foxA2, formerly known as axial and a homologue of mouse HNF3b . Its expression begins at shield stage and closely mirrors that of foxA3, except that it is not seen in the anterior prechordal plate or in the YSL (Strähle et al., 1993; Schier et al., 1997; Odenthal and Nüsslein-Volhard, 1998) . Like cas and sox17, it is expressed all around the margin. The third fox gene, foxA1, formerly forkhead domain7 and a homologue of mouse HNF3a , becomes expressed in endodermal precursors after the end of gastrulation (Odenthal and Nüsslein-Volhard, 1998) . These fox genes continue to be expressed in the endodermal lineage until organogenesis stages, at which time they exhibit partially overlapping and, in some cases, highly dynamic patterns of expression (Odenthal and Nüsslein-Volhard, 1998; Field et al., 2002) . While the functions of FoxA1-A3 remain to be elucidated in zebrafish, chimeric studies in mouse demonstrate that FoxA2 is required cell-autonomously for formation of the foregut and midgut endoderm (Dufort et al., 1998) .
It is also interesting to note at this point that Forkhead factors are not the only ones implicated in endoderm formation across the phyla. Indeed, Gata factors have also been implicated in endoderm formation from Caenorhabditis elegans to mammals. In a similar, though less extensive example of conservation, Nodal signaling has been implicated in endoderm formation in all vertebrates (reviewed by Stainier, 2002 ).
Morphogenetic movements during gastrulation and early larval stages
At the late blastula stage (4 hpf), endodermal progenitors are located all around the margin. As noted above, they involute early during gastrulation and during mid-gastrulation become a morphological layer: they display a very characteristic large, flat and somewhat bipolar shape with numerous fine filopodia (Warga and Nüsslein-Volhard, 1999) . By the end of gastrulation (10 hpf), they form a sparse but uniform monolayer (Fig. 3B ) (Warga and Nüsslein-Volhard, 1999) . Cell labeling studies demonstrate that only these characteristic cells give rise to definitive endodermal derivatives (Warga and Nüsslein-Volhard, 1999) , and although the commitment of these cells has not been tested, these changes mark the first time the definitive endoderm can be identified morphologically. In contrast, the remainder of the cells in the hypoblast show less marked morphological changes during gastrulation and appear more closely spaced, have limited contact with the yolk cell and eventually give rise to only mesodermal derivatives (Warga and Nüsslein-Volhard, 1999) .
During gastrulation, endodermal cells converge towards the dorsal side of the embryo and in this process distribute along the AP axis. As a result, at the beginning of somitogenesis, they form a sparse layer of cells on the ventral-most side of the embryo in direct contact with the YSL (Fig. 3C) . In the following stages, endodermal cells move medially to form a solid multicellular rod at the midline by 20 hpf (Heather Verkade, Le Trinh, Sally Horne and D.Y.R.S., unpublished data). (This rod will give rise to the endodermal components of the alimentary canal and its connected organs: liver, gallbladder, pancreas and swim bladder.) The movement of the endodermal cells, which can be examined by analyses of foxA1 and foxA3 expression, proceeds in an anterior to posterior progression. In addition, a clear difference in behavior between the anterior and posterior endodermal cells results in a demarcation, at the level of the first somite, between the pharyngeal endoderm anteriorly and the presumptive alimentary canal and its associated organs posteriorly (Fig. 3D ). Since this movement has been inferred from expression analyses, virtually nothing is known about the cellular behavior or molecular mechanisms regulating this morphogenetic event. Even less is known about the formation of the pharyngeal endoderm, located anterior to the rod. It is not clear, for example, whether these cells also actively move towards the midline or solely undergo cellshape changes to ultimately give rise to the pharynx.
The transition from an endodermal rod to an endodermal tube has been investigated in the context of a study focusing on the formation of polarized epithelia (Horne-Badovinac et al., 2001 ). The cells within the endodermal rod rearrange, become polarized and subsequently form a lumen. A clear lumen can be seen throughout most of the gut by 42 hpf. Analysis of a mutant in the heart and soul/aPKCl gene has shown that polarization of the intestinal epithelium needs to occur in a defined window of time, otherwise lumen formation is disturbed, occasionally resulting in the formation of multiple lumens (Horne-Badovinac et al., 2001 ).
Liver development
The liver performs several essential functions in controlling body metabolism, thus compromised liver function can lead to severe health issues. Despite the serious effects of liver failure, advances in treatment have been slow. The availability of hepatic stem cells would be an invaluable addition to the limited medical treatments currently available. In order to further advance this technology it would be useful to understand how the organ itself develops. Although studying liver development in zebrafish is still in its initial phase, it has great potential to uncover important mechanisms underlying hepatocyte differentiation as well as organ morphogenesis and function.
Early steps of liver differentiation
Tissue recombination experiments performed in chick and mouse have shown that differentiation of ventral foregut endodermal cells into hepatocytes requires interactions with adjacent tissues such as the cardiac mesoderm and septum transversum mesenchyme (Le Douarin, 1975 ; reviewed by Zaret, 2002) . Similar tissue explant experiments have led to the identification of signaling molecules that can mediate these interactions. Members of the Bone Morphogenic Protein (BMP) family and Fibroblast Growth Factor (FGF) family have been implicated in hepatocyte differentiation and liver morphogenesis (Jung et al., 1999; Rossi et al., 2001 ). In zebrafish, at the time hepatocyte precursors first become identifiable by gene expression (i.e. mid-somitogenesis), they lie at the level of the first somite while the cardiac mesoderm lies at the level of the midbrain-hindbrain boundary, suggesting that if tissue interactions are conserved, the timing of events must be different than in amniotes. Fate mapping experiments indicate that such interactions between cells of the liver and cardiac lineages could occur during gastrulation, as they originate from similar regions of the blastula stage embryo (Stainier et al., 1993; Warga and Nüsslein-Volhard, 1999 ). Alternatively, it is possible that while the signaling factors involved in hepatocyte differentiation are conserved between zebrafish and amniotes, the identity of the tissues secreting these factors is different. (For instance, the endoderm is thought to be required for myocardial differentiation in amniotes, but apparently not in zebrafish (reviewed by Stainier, 2001) .) It is interesting to add at this point that liver progenitors appear to have an asymmetric distribution at the late blastula stage (Warga and Nüsslein-Volhard, 1999 ): while they reside dorsolaterally on the right side of the embryo, they reside ventrolaterally on the left. It will be important to determine whether these two asymmetrically localized populations correspond to the endodermal and mesodermal components of the liver.
The analysis of the spatiotemporal pattern of hepatocyte differentiation in zebrafish has relied on pan-endodermal markers such as foxA1, foxA2 and foxA3 (Odenthal and Nüsslein-Volhard, 1998) , and more specific markers such as ceruloplasmin (cp), a liver-specific multi-copper oxidase gene, as well as selenoprotein Pb and transferrin (see below). Serum albumin, an early hepatocyte marker routinely used in amniotes, has not yet been cloned in zebrafish. (a-fetoprotein, another classic marker, has not yet been identified in zebrafish either, although comparative sequence analyses suggest that this gene appeared in the vertebrate lineage after the amphibian/reptile separation and is therefore most likely not represented in the zebrafish genome (Haefliger et al., 1989) .) The earliest liver differentiation marker thus far described in zebrafish is cp. This gene has been reported to be asymmetrically expressed on the left hand side of the endoderm at 16 hpf (14-somite stage), and in the developing liver by 32 hpf (Korzh et al., 2001) . (As a temporal reference, the zebrafish heart starts beating at 24 hpf.) Additional cp expression was detected in a spotty pattern in the 'yolk sac' (a term used by the authors to refer, presumably, to the outer most layer of the yolk cell), and this spotty expression became reduced specifically on the left side at the time of liver formation. This finding led the authors to suggest that some endodermal cells reside in the 'yolk sac', a subset of which migrate towards the developing liver and subsequently contribute to it (Korzh et al., 2001) . Thus far, the presence of endoderm in the 'yolk sac' has not been detected, either by expression analysis of established endodermal makers, such as foxA1-A3 (Odenthal and Nüsslein-Volhard, 1998) , or by lineage analysis. In addition, analysis of the gutGFP line, a stable transgenic line that expresses GFP throughout the developing digestive system (Fig. 4A-C) (Field et al., 2002) , has shown no evidence of cells migrating from the 'yolk sac' to contribute to the liver. It will be important to fate-map these cp-expressing cells in the 'yolk sac', and determine whether they in fact contribute to endodermal tissues or whether by virtue of the fact that the yolk cell contributes to feeding the embryo, its nuclei express genes generally associated with digestive organs. selenoprotein Pb (Fig. 4F) (Kryukov and Gladyshev, 2000; Kudoh et al., 2001 ) and transferrin (diIorio et al., 2002) are also specifically expressed by the hepatocytes, although their onset of expression is somewhat later than that of cp.
Morphological steps in liver development
Using the gutGFP line, we have described a series of morphologically distinct steps in zebrafish liver development (Field et al., 2002) . The first signs of hepatocyte aggregation, leading to a characteristic thickening in the intestinal rod, occur between 24 and 28 hpf. This initial phase of hepatocyte aggregation is followed by an outward projection of the thickening to the left side, accompanied by a leftward looping of the intestinal primordium. The last phase of the budding process is characterized by the restriction of the tissue that connects the liver to the intestinal primordium. Eventually this connecting tissue becomes the polarized epithelium of the bile duct, which is clearly seen by 50 hpf.
Expression analyses of prox1 (Glasgow and Tomarev, 1998) and hhex (Ho et al., 1999) , the homologues of two established liver markers in amniotes (Oliver et al., 1993; Keng et al., 1998; Thomas et al., 1998; Sosa-Pineda et al., 2000) , were conducted to examine the relationship between morphogenesis and gene expression. prox1 and hhex expression are initiated in the developing hepatocytes by the time they aggregate (24-28 hpf) (H.A.F., E.A.O. and D.Y.R.S., unpublished observations). The function of zebrafish hhex in liver formation has also been approached using morpholino antisense oligos. Injection of hhex morpholinos results in a strong morphological reduction of liver size by 50 hpf (Wallace et al., 2001) , suggesting that hhex plays an important role in liver formation. Similarly, mutant analyses in mouse have shown that loss of Hhex function perturbs growth and differentiation of an initially established liver diverticulum (Keng et al., 2000; Martinez Barbera et al., 2000) . It will be most interesting to delve deeper into the analysis of Hhex-depleted embryos to better understand the role played by this evolutionarily conserved regulator of liver development.
Later steps of liver morphogenesis: growth and vascularization
The budding phase, which leads to the establishment of a clearly recognizable liver by 50 hpf, is followed by a period of significant growth. The pescadillo (pes) gene, initially identified in an insertional mutagenesis screen in zebrafish, appears to play an important role in this process (Allende et al., 1996) . Embryos mutant for pes display a lack of expansion of the liver and gut when examined at 5 days post fertilization (dpf). Interestingly, at 3 dpf the size of the liver and gut appear unaffected in mutant embryos, suggesting a sudden arrest in organ growth between days 3 and 5 (Allende et al., 1996) . The pes gene is expressed in many tissues in addition to the gut and liver, and appears to precede phases of active proliferation in these tissues (Allende et al., 1996) . Accordingly, subsequent studies of the mouse and yeast Pes homologues have indicated that Pes is required for cell cycle progression and that it constitutes a link between ribosome biogenesis, DNA replication and cell proliferation (Kinoshita et al., 2001; Du and Stillman, 2002) .
Along with this dramatic increase in size, vascularization of the liver is initiated after budding is complete. From a time-course study using a Tie2-GFP line to visualize the developing vasculature, we have found that the endothelial cells at first partially encapsulate the liver bud and subsequently start to invade it around 60 hpf (Field et al., 2002) . By 72 hpf the entire liver is vascularized (Field et al., 2002) , and blood flow through the liver is initiated shortly thereafter (Pack et al., 1996; Isogai et al., 2001) . In contrast to what was initially reported in mammals, where the hepatocytes appeared to dissociate from one another and migrate into the adjacent septum transversum to mingle with endothelial and mesenchymal cells (Elias, 1955) , in zebrafish the hepatocytes stay together as a single mass during budding stages (Field et al., 2002) . More recent studies indicate that in fact, in mouse the hepatocytes also stay together as a single mass during budding stages (Matsumoto et al., 2001; Rossi et al., 2001; Ken Zaret, pers. commun.) .
Physiology
In an innovative approach to investigate digestive physiology in zebrafish, Farber et al. (2001) used modified phospholipids that allow fluorescent detection upon processing to screen for mutations that affect lipid metabolism. One of the mutants described in this paper is fat free, which displays severely reduced phospholipid and cholesterol processing, but a wild-type morphology of the digestive system. Undoubtedly, the isolation of the fat free gene, as well as additional ones identified in such screens, will allow further examination of the mechanisms regulating lipid metabolism.
Pancreas development
The pancreas can be broken down into two units, each performing a distinct function (reviewed by Slack, 1995) . The exocrine component consists of acinar glands that secrete digestive enzymes into the intestine. The endocrine component consists of islets, which contain four distinct cell types that secrete different hormones into the bloodstream in order to regulate glucose homeostasis. As is the case for the liver, the development of stem cells -in particular for the insulin-producing b-cells -may constitute an invaluable reagent for the treatment of diabetic patients.
The composition of the zebrafish pancreas -larval and adult
At early larval stages, the zebrafish pancreas consists of exocrine tissue surrounding a single islet. The islet is composed of a core domain, where the insulin-producing b-cells and somatostatin-secreting d-cells are located, and an enclosing outer layer consisting of glucagon-secreting acells and the pancreatic polypeptide-producing cells (Argenton et al., 1999; Biemar et al., 2001 ). This distribution of endocrine cell types appears to be slightly different from that seen in mammals where the d-cells are found in the surrounding layer and not the core domain. Following larval development, additional endocrine islets develop and, by adulthood, multiple islets populate the pancreatic parenchyma (Pack et al., 1996; Milewski et al., 1998) . This observation indicates the presence of a population of endocrine precursor cells beyond the initial establishment of the pancreas and perhaps into adulthood, as has been suggested for rodents (reviewed by Slack, 1995) .
Early steps of pancreas development
In amniotes, the pancreas forms from one dorsal and one ventral protrusion of the primitive gut epithelium. These two buds grow, branch and subsequently fuse to form a single functioning organ (reviewed by Slack, 1995) . One of the earliest markers of the pancreatic primordia in mouse is the homeodomain gene, pancreatic and duodenal homeobox 1 (Pdx1). Pdx1 is later restricted to the b-cells and epithelium of the duodenum (Ohlsson et al., 1993) . The zebrafish homologue of pdx1 is likewise an early marker of the bipotential precursors for pancreatic and intestinal bulb cells (Fig. 4E) (Milewski et al., 1998; Biemar et al., 2001) , and was used to investigate the spatiotemporal appearance of pancreatic precursors (Biemar et al., 2001) . At the 10-somite stage (14 hpf), pdx1 is expressed in bilateral domains adjacent to the midline. By the 18-somite stage (18 hpf), these bilateral domains have coalesced at the midline to form a single field of pdx1-expressing cells (Biemar et al., 2001) . By 24 hpf, this expression becomes restricted to a single, dorsal pancreatic bud (Biemar et al., 2001; Huang et al., 2001a; Roy et al., 2001 ). This bud also expresses insulin which appears as early as the 12-somite stage (Biemar et al., 2001) . A similarly early expression pattern is also seen for somatostatin which appears at the 16-somite stage, and glucagon at the 24-somite stage (Argenton et al., 1999; Biemar et al., 2001) . Because of the lack of early exocrine markers to date, it is not yet clear where exocrine cells originate, whether they come from this dorsal bud which expresses endocrine markers or from an as yet unidentified but distinct bud. The availability of transgenic GFP lines may help to shed more light on this important question.
Regulators of pancreas development
Pdx1
Targeted knockdown experiments of pdx1 were performed to determine whether the conservation of its expression in the pancreatic primordia in amniotes and zebrafish extended to a conservation in function. Injecting pdx1 morpholinos resulted in a dose-dependent reduction of endocrine and exocrine tissue (Huang et al., 2001b; Yee et al., 2001) . Immunohistochemical analyses showed that the endocrine a-, b-and d-cell types, although reduced in cell number, were present, suggesting that Pdx1 is not required for their initial differentiation (Yee et al., 2001) . pdx1 knockdown in a transgenic insulin-GFP line reduced the number of GFP-expressing cells, but never completely eliminated them (Huang et al., 2001b) . These data are consistent with results in mouse where initial differentiation of the pancreatic precursors is unaffected in Pdx1 mutant embryos but further differentiation and morphogenesis are perturbed (Jonsson et al., 1994; Ahlgren et al., 1996; Offield et al., 1996) .
The efficacy of morpholinos usually decreases over time as they become diluted, and possibly degraded, and this can allow a recovery of the phenotype. For instance, embryos injected with pdx1 morpholinos exhibit an early reduction of the endocrine and exocrine pancreas, but the number of pancreatic cells recovers by 5 dpf (Yee et al., 2001 ). Interestingly, cell proliferation assays in these embryos revealed dividing cells in the exocrine but not endocrine compartment of the pancreas, suggesting that, at least in these embryos, a multipotent precursor located in the exocrine compartment is mediating the recovery of both the exocrine and endocrine pancreas (Yee et al., 2001 ). It will be interesting to determine whether the additional islets that develop in wild-type larvae also originate in the exocrine compartment.
Hedgehog signaling
Recent work in zebrafish has revealed a previously unappreciated role for Hedgehog (Hh) signaling in pancreas development. sonic you/sonic hh mutant embryos show a reduction in the expression of pdx1 as well as endocrinespecific markers, such as insulin, glucagon and nkx2.2 (Roy et al., 2001; diIorio et al., 2002) . In contrast to the strong reduction or absence of expression of endocrine markers, the expression of the exocrine-specific gene carboxypeptidase A appears unaffected (diIorio et al., 2002) . Similar phenotypes were observed in embryos lacking downstream components of Hh signaling, including you too/gli2, and slow muscle omitted/smoothened (Roy et al., 2001; diIorio et al., 2002) . These data suggest that in zebrafish the Hh pathway is required for the formation of endocrine but not exocrine fates.
The exact time Shh is required for endocrine differentiation was determined by treating embryos with the alkaloid cyclopamine, a potent inhibitor of Hh signaling, at various developmental stages (diIorio et al., 2002) . When cyclopamine was added during gastrulation stages, insulin expression was strongly reduced, whereas later treatment during somitogenesis stages resulted in an anterior shift of the insulin-expressing domain. Thus, Shh seems to be required during gastrulation stages for differentiation of endocrine fates, and in a second, later stage to direct the localization of the islet (diIorio et al., 2002) . Although Shh is not expressed in the endoderm during gastrulation stages, it is present in the shield and extending axis (Krauss et al., 1993) . A possible scenario to explain this early role of Shh is that during gastrulation, while the endoderm is involuting and passing by the shield, the future pancreatic endoderm receives a transient Shh signal, providing it with the competence to differentiate into an endocrine fate at later stages (diIorio et al., 2002) . Of course, other models are possible. Roy et al. (2001) also found that ubiquitous activation of the Hh pathway in wild-type embryos led to the ectopic induction of pdx1 in the endoderm. By contrast and in apparent contradiction with these data, in embryos mutant for the variant hepatic nuclear factor1 gene, an expansion of shh in the endoderm is accompanied by a strong reduction of pdx1 and insulin expression (Sun and Hopkins, 2001) . The article by Matthias Hebrok in this issue gives a more detailed review of the role of Hh signaling in pancreas development, though clearly much remains to be done in terms of understanding this topic in zebrafish.
Midline signaling
In the chick embryo, signals from the notochord are required to promote the development of the dorsal pancreatic bud by repressing Shh expression in the underlying endoderm (Kim et al., 1997; Hebrok et al., 2000 ; reviewed by Edlund, 2002) . The role of the notochord in zebrafish pancreas development was investigated by looking at embryos with defective notochord development (Biemar et al., 2001) . In no tail/T mutant embryos, which display disrupted notochord differentiation, pdx1 and insulin expression were not affected. By contrast, in floating head/Xnot mutant embryos, which lack a notochord entirely, only a few insulin-expressing cells were observed. Thus, in zebrafish the notochord is required for pancreas development, but not absolutely required for the differentiation of pancreatic cell fates. It will be important to determine whether the role the notochord plays in pancreas development is transduced exclusively by Shh signaling during gastrulation stages.
Outlook
Clearly the work on zebrafish endoderm formation and endodermal organ development is just beginning and much remains to be done even at the descriptive level. For example, we do not yet know whether the pancreas is formed from one or two endodermal buds. However, the clear advantages of the zebrafish system, in terms of both forward and reverse genetics, as well as its various embryological attributes, should facilitate the transition from gene identification to investigation of cellular and molecular mechanisms. Recently, several groups around the world have started focusing their attention on the zebrafish endoderm and endodermal organs, and the pace of observations in this organism should increase. The use of endoderm-specific GFP lines as well as organ-specific markers for forward genetic screens should lead to the identification of mutations that affect the various steps of endodermal organ morphogenesis. These screens will likely identify genes already known to be involved in these processes, as well as uncover new genes. It will also be interesting to examine the conservation of models and mechanisms that originate in other organisms. For instance, endothelial cells have recently been implicated in regulating liver and pancreas development in mouse and Xenopus (Lammert et al., 2001; Matsumoto et al., 2001) . The existence of zebrafish mutants that exhibit an early block in endothelial cell differentiation, as well as the ability of the zebrafish embryo to survive for a few days in the absence of circulation, should allow unequivocal testing of this model in zebrafish. Finally, we have to start looking beyond gene identification, and formulate ways to investigate the role these genes play in regulating endodermal cell behavior, differentiation and function.
Note added in proof
The following paper, currently in press, describes another Mix-type homeobox protein involved in endoderm formation in zebrafish: Poulain M. and Lepage, T. (2002) . Mezzo, a paired-like homeobox protein is an immediate target of Nodal signalling and regulates endoderm specification in zebrafish. Development, in press.
